Hard X-ray phase contrast imaging techniques have become most suitable for the non-destructive three-dimensional visualization of soft tissues at the microscopic level. Among the hard X-ray grating interferometry methods, a single-grating approach (XSGI) has been implemented by simplifying the established double-grating interferometer (XDGI). We quantitatively compare the XSGI and XDGI tomograms of a human nerve and demonstrate that both techniques provide sufficient contrast to allow for the distinction of tissue types. The two-fold binned data show spatial resolution of (5.2 6 0.6) lm and (10.7 6 0.6) lm, respectively, underlying the performance of XSGI in soft tissue imaging. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975679] X-ray grating interferometry (XGI) is a phase contrast imaging technique with distinctive contrast for applications and future developments in materials science, biomedical engineering, and beyond. Using synchrotron radiation, X-ray double-grating interferometry (XDGI) is one of the most powerful techniques in current use, due to its superior contrast, despite generally providing inferior spatial resolution compared to in-line methods. 1, 2 Since the pixel size of commercially available detector modules is generally larger than the features of the obtained interference pattern from the beam-splitter grating g 1 , grating interferometers often consist of two gratings, whereby the second one acts as an analyzer grating g 2 . 3 The spatial resolution of such a set-up is limited by the periodicity of the analyzer grating. 3 Thus, the X-ray single-grating interferometer (XSGI) profits from easier handling, as only one grating has to be aligned, and from the related cost reduction. Most importantly, spatial resolution is not limited by the analyzer grating period, and for the same flux, the number of detected photons is increased by a factor of about two. Several research teams have performed phase tomography with a single-grating setup, including the proof of principle study by Takeda et al. 4 The three-page letter belongs to the first publications in the field and shows the feasibility of the approach. The explanations are corroborated by preliminary synchrotron radiation-based experiments on a two-component polymer with a limited field of view (FOV) of 1.3 mm 2 . The authors mention in their proofof-principle study 8 lm spatial resolution and a 9 mg/cm 3 detection limit of density deviation. As the authors only briefly explained how the quantities were derived, one has to consider them as estimates. It remains unclear how the refractive index deviation was evaluated from the noise. Thus, the letter is in line with the communications of other teams. 5 Furthermore, due to the small FOV, both settings used do not allow for a tomography of a centimeter-sized biomedical specimen with the necessary resolution of a few micrometers within a reasonable acquisition time. So far, there exists no detailed study on the quantitative evaluation of the XSGI performance in comparison to a wellestablished X-ray imaging technique.
For tissues, which are mainly composed of low atomic number elements, the phase-shift cross-section for X-rays is about 10 3 times higher than for the related absorption. 6, 7 Therefore, X-ray phase contrast techniques exhibit superior contrast between internal anatomical structures within soft tissues not seen in standard absorption techniques. 8 In particular, peripheral nerves are attractive, because numerous animal models for nerve regeneration are available, and these studies often lack appropriate three-dimensional imaging with true micrometer resolution. 9, 10 The models often rely on bio-engineered scaffolds, and here, detailed microstructural knowledge allows for targeted modification of the scaffolds' properties and biocompatibility. 11 Recent studies indicate that hard X-ray micro computed tomography, especially with synchrotron radiation, is well-suited to solve imaging tasks for animal models. 12, 13 For the present communication, a human peripheral nerve was chosen, as the preparation procedure is standard in pathology, while the spatial resolution necessary to make the nerve anatomy visible is less ambitious than for the rodent peripheral nerve. The purpose of the present study is to make a direct comparison between XSGI and XDGI while analyzing a human peripheral nerve, which necessarily has to include both spatial resolution and the contrast-to-noise ratio (CNR).
The tomography measurements were carried out at the beamline P07 (PETRA III, DESY, Hamburg, Germany), operated by the Helmholtz-Zentrum Geesthacht.
14 An undulator source, in combination with a double-crystal monochromator consisting of two Si(111) Laue crystals on Rowland geometry, was used. Photon energy was set to 40 keV with an estimated photon flux of around 6 Â 10 13 s À1 mm
À2
. XSGI measurement was performed using a beamsplitter grating with a periodicity of p where n denotes an odd integer and k denotes the wavelength of the incoming photons. 15 The XDGI measurement was performed using a beamsplitter grating g ðdÞ 1 with a periodicity of p ðdÞ 1 ¼ 4.8 lm and a Si structure height of 14 lm, typically used to achieve a phase shift of p. 16, 17 The gold lines of the analyzer grating g ðdÞ 2 had a structure height of $100 lm with a periodicity of p ðdÞ 2 ¼ 2.4 lm, corresponding to a transmission of only about 8%. The set-up for the XDGI measurement induces an interference pattern with a period p ðdÞ 1 =2 and maximal contrast at the fractional Talbot distances
where n is an odd integer. 15 For both methods, we acquired 900 projections over 360
. At each projection angle, five phase-step images over one period of the interference pattern were recorded. With an exposure time of 140 ms per phase-step, this resulted in a scan time of almost 4 h. During camera readout and movement of the mechanical stages, the beam shutter was closed, in order to avoid unnecessary irradiation on the sample. The radiographs were recorded using a camera manufactured at the Institute for Data Processing and Electronics (Karlsruhe Institute of Technology, Karlsruhe, Germany) with a CMOS chip (CMOSIS, Antwerp, Belgium), featuring a 20 Megapixel (5,120 Â 3,840) resolution with 6.4 lm-sized square pixels and a 100 lm thick CdWO 4 scintillator as an imaging detector. Both measurements were performed using a magnification of five, resulting in an effective pixel length of 1.3 lm.
For an adequate comparison of the two measurement techniques, the signal for both techniques should be comparable. Due to the gratings chosen, the inter-distance of the phase grating g ðsÞ 1 and the camera (C) had to be twice the distance g
where s denotes the distance away from maximal visibility. 15 Therefore, the distance between g differences in the first fractional Talbot orders are negligible. 15 The biological specimen used for the measurement was a human peripheral nerve, obtained post-mortem from a donated body. Informed consent for scientific use was obtained beforehand. All procedures were conducted in accordance with the Declaration of Helsinki and were approved by the Ethikkommission Nordwestschweiz. The peripheral nerve was extracted from the donated body and fixed in 4 % histological-grade buffered formalin. It was subsequently dehydrated and embedded in a paraffin/plastic polymer mixture, according to standard pathology procedure. The cylindrical sample for the tomography measurement was extracted from the paraffin block, using a metal punch with an inner diameter of 6 mm and was subsequently mounted on a specialized sample holder for the tomography data acquisition.
The phase-retrieved projections were achieved using a pixel-wise Fourier analysis. Then, the phase contrast tomograms were reconstructed using the standard filtered backprojection algorithm 19 implemented in Matlab V R (2014a, The MathWorks, Inc., Natick, Massachusetts, USA) employing a modified filter kernel (Hilbert transform). 20 It has already been shown that the optimization of tomograms can be achieved using the optimized binning factor. 21 As we did not know this factor a priori, each dataset was reconstructed with the binning factors (n 2 f1; :::; 6; 12g). We also verified that the sequence of the reconstruction process had no effect on the final results, by performing the binning at selected process steps along the reconstruction pipeline, namely, on the raw projections (only possible for XDGI), phaseretrieved images, and after integration. All three reconstruction sequences yielded almost identical results. Furthermore, we needed to account for the fact that the specimen was unmounted between the measurements. In detail, to compare the datasets for the applied binning factors, we performed rigid registration using a Powell optimizer and the Mattes mutual information metric. Translation registration was sufficient, since rotation invariance was assured by the mounting stage. For dataset resampling, we chose the nearest neighbor interpolator, so that the registration had no significant influence on the histogram of the floating image. Registration itself was performed using the library provided by ITK. 22 Fig . 1 shows a characteristic slice of a human nerve provided by XDGI and XSGI, respectively. For both techniques, one can observe the main anatomical features of the nerve, wherein the epineurium, perineurium, and endoneurium are clearly distinguishable (see Fig. 1 ). Blood vessels are visible in the connective tissue, as well as nerve fascicles enclosed by the perineurium. The streak artefacts noticeable in both reconstructions originate from air-filled cracks in the paraffin. The XDGI images also contain prominent artefacts, due to air bubble formation during data acquisition. The most likely explanation is that the rougher paraffin surface allowed for the formation of micro air bubbles while inserting the specimen into the water tank, which then grow during irradiation. Therefore, smoothing of the paraffin reduces the artefacts from growing air bubbles at the paraffin surface. 23 The histograms of the selected regions of interest (ROIs) of the XDGI and XSGI are shown in Fig. 2 . The related mean and standard deviation values of the Gaussian distributions for selected tissues are listed in Table I . Quantitatively, we can define the contrast-to-noise ratio (CNR) for a specific feature as jx Histogram for selected ROIs (top), water (green), paraffin (magenta), nerve fascicles with increased lipid composition (red), connective tissue (cyan), and connective tissue with increased formalin perfusion/ dried out paraffin (blue) for XDGI (top) and XSGI (bottom), reconstructed with a binning factor of two. The corresponding histograms were fitted with Gaussians. The fitting parameters are listed in Table I and the resulting contrast-to-noise ratios are listed in Table II . The cyan curves' histograms belong to the zoom-ins in Fig. 1. expectation value of a homogeneous region and r the corresponding standard deviation. 24 As the mean values of the peaks for both techniques are almost identical, the difference in contrast is predominantly given by the difference in the standard deviation of the paraffin peak. The findings illustrated in Fig. 3(a) show the power law dependence of the contrast-to-noise ratio on the binning factor, in comparison to the square dependence in standard absorption contrast. 21, 25 The CNR was significantly lower for the XSGI, but this observed difference decreased when binning factors were increased. The selected results of the CNR analysis are listed in Table II .
Spatial resolution can be defined as the intersection of the normalized modulation transfer function (MTF) with its 10 % value. 21 For the calculation, we have chosen a region at the paraffin-water interface, where the edge was almost parallel to the y-axis. In order to reduce noise effects, we applied the MTF to the median of the xz-plane over a height of around 50 lm. The results are plotted in Fig. 3 (a) and confirm that XSGI provides images with higher resolution compared to ones acquired with XDGI. The spatial resolution of the XSGI was almost twice as high as that of the XDGI for the binning factors used.
Analogously to standard absorption contrast, 21 we can introduce the dimensionless quality factor q ¼ c Â 1= ðk Â r 1=3 Þ. For its calculation, we decided to take the paraffin width, similar to our approach to the CNR calculation, due to the homogeneity of the structure. The constant c follows directly from the proportionality of the decrement of the reflective index and the electron density, but was set to unity for the calculation of the quality factor. For both techniques, the quality factor reached its maximum for a binning factor of around two for the selected tissue (see Fig. 3(b) ). From the approximate proportionality of the refractive index difference and the density difference, we received an estimation of the detection limit of the density deviation of (6.9 6 0.7) mg/cm 3 for XDGI and (22.9 6 0.7) mg/cm 3 for the XSGI for a binning factor of two.
In conclusion, we present in this study a quantitative comparison of the well-established XDGI and the not yet common XSGI. Despite the lower CNR of XSGI, the contrast was sufficient to identify the internal structure. Moreover, XSGI shows an improvement of the spatial resolution by a factor of about two. If the three times lower contrast in the unfiltered tomograms is sufficient for the investigation of the internal structure of the specimen, as it was in this study, XSGI is preferable to XDGI. (a) Spatial (dashed) and density (solid) resolution (standard deviation of the paraffin peak) versus binning factor. (b) Calculated dimensionless quality factor q versus binning factor. The fits were derived by using the fits from the upper figure. Both curves exhibit a maximum near a binning factor of two. The authors thank H. Deyhle, University of Basel, for his help with the measurements and many useful discussions, F. Beckmann, Helmholtz-Zentrum Geesthacht, for his help with the experimental set-up, as well as J. Hench and G. Schweighauser of the Neuropathology Department of the Basel University Hospital for providing the sample and helping with the special preparation required for tomography measurement.
The financial contribution of the Swiss National Science Foundation (Project Nos. 144535 and 147172) is gratefully acknowledged.
